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ABSTRACT  OF  TECHNICAL  RESULTS 


Results  obtained  during  the  period  3/1/80-8/31/81  are  reported  in 
the  two  manuscripts  of  the  appendix  to  this  final  report  and  also  are 
covered  in  the  Final  Report  summary  statements  below. 

An  X-ray  diffraction  method  was  devised  for  determining  residual  and 
applied  stresses  in  composites  by  diffraction  from  embedded  filler  particles. 
It  has  been  investigated  using  a  series  of  different  fillers  embedded  between 
the  first  and  second  plies  of  6  ply  uniaxial  graphite/epoxy  laminates.  The 
X-ray  diffracted  beam  shifts  were  measured  when  samples  were  stressed  in  the 
fiber  direction  by  a  tensile  frame  mounted  on  a  diffractometer.  Within  an 
elastic  range  up  to  a  filler  yield  point  the  stresses  in  the  particles  were 
proportional  to  the  composite  stresses  in  agreement  with  the  model  of 
H.  T.  Hahn,  though  smaller  than  would  be  expected  if  the  volume  fraction  of 
filler  were  zero.  Diffracted  beam  shifts  with  applied  stress  for  dif¬ 
ferent  fillers  increased  in  the  order  W,  CdO,  Ni,  Ag,  Nb,  Al.  Theory  is 
in  accord  with  the  data.  After  stressing  beyond  the  yield  point  and  un¬ 
loading  there  were  residual  compressive  stresses  in  the  particles  in  the 
fiber  direction  and  the  yield  point  in  subsequent  loadings  was  raised. 

The  technique  developed  in  this  project  for  determining  by  X-rays  the 
three  principal  strains  and  stresses  in  the  specimens,  showed  highest 
stresses  (always  tensile)  in  the  fiber  direction. 

In  an  epoxy  matrix  containing  a  small  volume  percent  of  Al  filler 
particles  but  no  fibers,  the  ratio  of  matrix  stress  to  stress  in  the  filler 
(i.e.  the  Hahn  factor,  n)  was  found  to  be  0.41,  in  accord  with  calculations 
based  on  Hahn's  model.  In  fiber  reinforced  composites,  n  was  near  0.2  for 
Al,  Ag  and  Nb  fillers. 

In  unidirectional  graphite-f iber/epoxy  laminates  with  Al  particles 
between  the  first  and  second  plies  the  residual  stresses  in  the  particles 
resulting  from  curing  were  found  to  be  5,  -34  and  -53  MPa  in  fiber,  trans¬ 
verse  and  thickness  directions,  respectively,  in  a  specimen  dried  7  days 
at  50°C.  Residual  stresses  in  the  resin  were  computed  from  tensile  data 
and  the  residual  stress  data  from  the  particles.  Residual  stresses  in 
Al  particles  of  a  quasi-isotropic  (0,  +60,  -60)s  laminate,  which  were 
46,  47  and  -26  MPa  in  fiber,  transverse  and  thickness  directions, 
respectively,  were  not  reduced  by  annealing  either  in  the  ambient  or  in 
a  desiccator  at  temperatures  between  50°C  and  175°C.  When  laminate  specimens 
were  bent  in  a  three-point  bending  jig  with  bends  in  the  range  beginning 
to  cause  visible  and  audible  damage,  it  was  found  upon  removal  from  the  jig 
that  pronounced  diffraction-angle  shifts  remained,  decrees  in  with  increasing 
distance  from  the  highest  stressed  position  out  to  place  id  the  loading 

points . 

Diffraction  angles  were  strongly  influenced  by  moisture  content,  sug¬ 
gesting  the  method  could  be  developed  as  a  non-destructive  test  for  moisture 
content.  in  quasi-isotropic  specimens  residual  stresses  parallel  to  the 
surface  were  tensile  when  the  specimens  were  dry  but  were  reduced  to  zero 
by  holding  about  150  hrs  in  100%  relative  humidity  at  50oC.  Substantial 
stresses  remain  after  490  hrs  at  50°C  and  55%  relative  humidity.  There 
was  evidence  that  the  stresses  depend  to  some  extent  on  the  moisture  history 
of  the  specimen.  Correlations  between  the  X-ray  data  and  moisture  diffusion 
data  were  made. 
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Another  X-ray  method,  also  nondestructive,  was  developed  that  is 
viable  for  measuring  applied  (not  residual)  stresses,  and  for  detecting 
delamination.  A  thin  layer  of  epoxy  paint  containing  a  suitable  filler 
is  applied  to  specimens  and  cured.  Diffraction  of  CuKcu  X-rays  from  such 
paint  filled  with  aluminum  or  silver  powders  yields  shirts  in  the  diffracted 
peak  position,  20, shifts  that  are,  in  the  low  stress  range,  proportional  to 
the  magnitude  of  applied  stresses;  20  undergoes  abrupt  changes  when  delamina¬ 
tion  occurs.  Throughout  the  stress  range  below  the  delamination  stress, 
unloading  leaves  residual  26  shifts,  indicating  residual  stresses  in  the 
filler  particles.  Three-point  bending  yielded  residual  diffraction  angle 
shifts  analogous  to  those  obtained  with  embedded  fillers,  mentioned  earlier. 
To  relate  residual  angle  shifts  to  stresses  resulting  from  applied  loads 
in  calibration  tests,  the  same  moisture  content  and  temperature  should  be 
used,  since  both  of  these  parameters  can  be  expected  to  strongly  influence 
the  diffraction  angles  from  fillers  in  paint,  as  they  do  with  fillers  em¬ 
bedded  between  plies.  (It  is  suggested  that  it  may  be  possible  to  infer 
something  of  the  stress  and  moisture-content  history  of  a  specimen  if  data 
from  a  specimen  subjected  to  live  loads  in  the  field  are  compared  with  data 
from  suitable  control  samples.)  This  method  of  stress  measurement  might  find 
applications  to  objects  that  diffract  poorly  such  as  glass,  rocks,  or 
cement  in  which  a  filler  has  not  previously  been  embedded. 

Both  of  these  methods  were  found  to  disclose  the  distribution  of 
stresses  over  the  surface  of  adhesively  bonded  joints  when  light  loads 
were  applied  and  thus  could  serve  to  check  theoretical  stress  distributions 
in  the  adherends  and  serve  as  a  non-destructive  test  for  bond  defects. 
Aluminum  strips  were  bonded  in  a  single  lap  joint  and  loaded  in  tension  with 
a  load  ('v  8  KSI)  well  within  the  elastic  limit.  Traverses  along  the  bond 
giving  the  distribution  of  the  X-ray-measured  stresses  showed  clear  evidence 
of  the  way  in  which  stress  was  transferred  from  one  adherend  to  the  other 
and  indicated  the  limits  of  the  bonded  area,  together  with  attendant  bending 
stresses  resulting  from  the  loading,  which  were  sharply  peaked  at  the  ends 
of  the  bond.  We  suggest  that  by  putting  a  filler  in  the  adhesive  of  a  joint 
the  stress  distribution  within  the  adhesive  could  be  revealed.  We  are 
investigating  this  possibility  under  a  different  research  grant. 
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RESIDUAL  STRESSES  IN  RESIN  MATRIX  COMPOSITES* 


Paul  Predecki  and  Charles  S.  Barrett 
University  of  Denver 
Denver,  Colorado  80208 


ABSTRACT 

By  embedding  crystalline  filler  particles  in  resin  matrix 
laminates  during  layup,  strains  that  are  transferred  to  the  parti¬ 
cles  were  measured  by  X-ray  diffraction.  In  tensile  tests  of  uni¬ 
directional  graphite-fiber/epoxy  laminates  with  A1  particles  between 
the  first  and  second  plies  the  X-ray  strains  increased  linearly  and 
reversibly  with  applied  stress  up  to  stress  levels  that  initiated 
yielding  in  the  filler.  Residual  stresses  in  the  particles  result¬ 
ing  from  curing  were  found  to  be  5,  -34  and  -53  MPa  in  fiber,  trans¬ 
verse  and  thickness  directions,  respectively,  in  a  specimen  dried 
7  days  at  50°C.  Residual  stresses  in  the  resin  were  computed  from 
tensile  data  and  the  residual  stress  data  from  the  particles; 
neglecting  transverse  stresses,  the  residual  stress  in  the  fiber 
direction  in  the  resin  was  computed  to  be  8.1  MPa  (1.2  ksi) .  Dif¬ 
ferential  thermal  contraction  from  177°C  to  21°C  of  matrix  and 
fibers  in  the  absence  of  particles  would  lead  to  a  prediction  of 
25  MPa  (3.6  ksi);  the  former  computed  value  for  the  filled  composite 
was  smaller  than  this  presumably  in  part  because  of  the  inhibition 
of  the  contraction  of  the  matrix  by  the  closely  spaced  particles  in 
the  layer  between  the  plies.  The  difference  between  the  residual 
stresses  in  the  lateral  and  thickness  directions  is  also  ascribed 
to  this  particle  interaction.  Residual  stresses  in  A1  particles  of 
a  quasi-isotropic  (0,  +60,  -60) s  laminate  were  not  reduced  by  anneal¬ 
ing  either  in  the  ambient  or  in  a  desiccator  at  temperatures  between 
50°C  and  175°C;  after  annealing  one  hr  at  175°C  they  were  42  and  40 
MPa  along  0®  and  90®  directions  in  the  plane  of  the  specimen. 


*Work  supported  by  the  AFOSR  on  grant  #77-3284. 


respectively,  and  -29  MPa  normal  to  this  plane.  Diffraction  angles 
were  strongly  influenced  by  moisture  content,  suggesting  the  method 
could  be  developed  as  a  non-destructive  test  for  moisture  content. 
In  quasi-isotropic  specimens  residual  stresses  parallel  to  the  sur¬ 
face  were  tensile  when  the  specimens  were  dry  but  were  reduced  to 
zero  by  holding  about  150  hrs  in  100%  relative  humidity  at  50°C. 
Substantial  stresses  remain  after  490  hrs  at  50°C  and  50%  relative 
humidity.  There  was  evidence  that  the  stresses  depend  to  some  ex¬ 
tent  on  the  moisture  history  of  the  specimen.  Correlations  between 
the  X-ray  data  and  moisture  diffusion  data  were  made. 


INTRODUCTION 

Residual  stresses  in  resin  matrix  composites  are  of  particular 
interest  since,  first,  they  are  an  unavoidable  consequence  of  curing 
the  resin  at  elevated  temperatures  and  second,  they  are  affected  by 
environmental  exposure,  in  particular  moisture  absorption  by  the 
resin. 

The  residual  stresses  are  of  two  types:  (1)  micro-stresses 
in  each  of  the  two  constituent  phases  within  a  given  ply.  These 
arise  because  of  differences  in  thermal  and  moisture  expansion 
between  the  two  phases.  (2)  macro-stresses  in  each  ply  considered 
as  a  homogeneous  entity  having  anisotropic  thermal  and  moisture 
expansion.  These  arise  because  of  the  constraints  of  neighboring 
plies.  Macro-stresses  have  been  measured  using  strain  gages  em¬ 
bedded  in  various  plies  during  layup*-  and  from  warping  deflection 
measurements  of  asynmetric  laminates. ^  They  have  also  been  calcu¬ 
lated  from  laminated  plate  theory.-* 

Data  on  micro-stresses  are  less  common.  Measurements  have 
been  made  by  photoelastic  methods  using  mostly  single  fiber 
samples. More  recently  a  finite  element  calculation  has  been 
made  by  Adams  and  Miller^  using  a  square  lattice  model  with  a 
fiber  volume  of  40%. 

The  purpose  of  this  study  was  to  develop  a  practical  method 
for  detecting  micro-residual  stresses  in  graphite/epoxy  laminates 
using  X-ray  diffraction.  Since  neither  of  these  two  phases  dif¬ 
fract  X-rays  satisfactorily  for  strain  measurement,  the  approach 
taken  was  to  incorporate  small  amounts  of  crystalline  filler 
particles  into  the  laminate  during  layup.  The  strains  transferred 
to  these  particles  by  the  resin  can  then  be  determined  by  conven¬ 
tional  X-ray  diffraction  methods. 

An  advantage  of  the  method  is  that  there  is  some  latitude  in 
the  choice  of  filler  particles:  fillers  can  be  chosen  with  sharp 
diffraction  peaks  in  the  back  reflection  region  and  with  reason¬ 
ably  isotropic  elastic  properties.  Disadvantages  are  that  neither 
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che  strains  nor  Che  stresses  in  Che  particles  are  the  same  as  the 
corresponding  quantities  in  the  surrounding  resin.  It  is  there¬ 
fore  necessary  to  calibrate  the  method  using  applied  stresses. 
Secondly  the  presence  of  the  particles  perturbs  the  residual 
stresses  in  the  vicinity  of  the  particles. 


PRINCIPLE  OF  THE  METHOD 


The  principle  of  the  method  is  illustrated  in  Fig.  1.  Small 
amounts  (about  one  monolayer)  of  particles  with  suitable  diffracting 
characteristics  are  placed  between  any  desired  pair  of  plies  of  a 
6  ply  graphite/epoxy  laminate  during  layup.  During  curing  some 
of  these  particles  bleed  out  with  the  resin  in  the  plane  of  the 
laminas  but  there  is  negligible  migration  in  the  transverse  direc¬ 
tion  as  shown  in  Fig.  2.  If  the  particles  are  large  compared  with 
the  fiber  diameter  there  is  a  noticeable  disruption  of  the  lami¬ 
nate  structure;  if  they  are  small  the  disruption  is  greatly 
reduced  but  there  is  still  negligible  particle  migration  in  the 
transverse  direction.  After  a  specimen  is  cured  and  equilibrated 
with  the  desired  relative  humidity  a  collimated  X-ray  beam  of 
known  wavelength  is  diffracted  at  large  angles  from  the  filler 

particles  within  the  specimen.  The  interplanar  spacing,  d  of 

r  >  V 


the  planes  which  are  diffracting  is  then  obtained  via  the  Bragg 
law.  A  similar  determination  is  made  on  unstressed  particles  of 
the  identical  filler  powder  yielding  the  unstressed  interplanar 
spacing  du  for  the  same  set  of  planes.  The  elastic  strain,  t ( , 


in 


Fig.  1.  (A)  Representation  of  diffraction  conditions.  (B)  Direc¬ 

tion  of  strain  measurement  with  respect  to  laminate  axes. 
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isocropic.  The  method  is  calibrated  by  comparing  measured  particle 
strains,  e.  .with  the  corresponding  composite  strains  e*  obtained 
with  strainpgages  in  applied  stress  experiments. 

8  9 

Earlier  work  ’  had  shown  that  among  the  cubic  fillers  investi¬ 
gated  Al,  Nb,  Ag,  CdO  had  the  largest  stress  sensitivities  with 
CuKc^  radiation,  i.e.  the  largest  shift  in  diffracted  peak  posi¬ 
tion  with  applied  stress.  These  data  are  summarized  in  Fig.  3. 

For  the  metallic  fillers,  the  knees  in  the  curves  appear  to  be 
associated  with  yielding  of  the  filler  particles  in  unidirectional 
laminates.  Repeated  loading  of  such  a  laminate  containing  Al 
particles  showed  the  knee  of  the  curve  to  increase  to  a  higher 
stress  if  the  stress  in  the  preceding  loading  exceeded  the  knee 
in  the  preceding  loading  (Fig.  4) .  There  are  some  small  changes 
in  slope  of  the  initial  stress  sensitivity  curves  if  preceding 
loadings  have  exceeded  the  knee.  These  appear  to  be  associated 
with  relaxation  in  the  resin  around  the  particles.  If  applied 
loads  do  not  exceed  the  knee  the  initial  part  of  the  stress 
sensitivity  plot  is  reversible  and  reproducible  on  repeated  load¬ 
ings.  It  will  be  shown  later  that  curing  stresses  transferred  to 
the  particles  do  not  exceed  the  knee  for  the  Al  particles.  Be¬ 
cause  of  its  high  stress  sensitivity,  Al  filler  was  used  for  all 
the  residual  stress  work. 
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Fig.  3,  Shifts  in  peaks  of  beams  diffracted  from  various  fillers 
in  unidirectional  laminates  vs.  stress  applied  in  fiber 
direction.  CuKc^  radiation,  $  -  v  »  o. 
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Fig.  4.  Diffracted  beam  peak  shift,  A20  resulting  from  repeated 
loading  parallel  to  the  fiber  axis.  0°  laminate,  A1 
filler,  CuKa^  radiation,  0=^=0. 

EXPERIMENTAL 

Two  types  of  6  ply  laminates  were  laid-up:  unidirectional 
(0°)  and  quasi-isotropic  (0° ,+60° ,-60°)s .  Both  had  A1  particles 
(-325  mesh)  between  the  first  and  second  plies,  and  both  utilized 
a  graphite/epoxy  prepreg:  Fiberite  T300/934  (Fiberite  Corp., 
Winona,  Minn.).  Laminates  were  cured  at  350°F  (177°C)  using  the 
recommended  procedures  for  this  prepreg*  and  then  cut  into  15.25 
x  1.905  x  .089  cm  tensile  samples  and  4.45  x  5.08  x  .089  cm 
residual  stress  samples.  Tensile  samples  had  tapered  A1  (2014-T6) 
end-tabs  attached  with  epoxy  adhesive.  A  strain  gage  was  then 
attached  near  the  center  of  the  gage  area.  Samples  were  held  in 
clevis  type  grips  in  a  small  tensile  frame  mounted  on  a  Siemens 
Krystalloflex  II  diffractometer  as  described  elsewhere.®  The  dif¬ 
fractometer  was  modified  for  diffraction  angles  20  up  to  165°  and 
was  fitted  with  a  graphite  monochromator  in  front  of  the  counter. 
The  residual  stress  samples  were  held  in  the  standard  sample 
holder.  Care  was  taken  with  both  types  of  sample  and  with  the  un¬ 
stressed  Al  powder  mounted  on  a  glass  slide  to  ensure  that  the 
particles  irradiated  by  the  X-ray  beam  were  on  the  axis  of  the 
goniometer. 


*We  are  grateful  to  R.  Mirschell,  R.  Campbell  and  B.  Burke  of 
Martin-Marietta  Co.,  Denver,  for  fabricating  the  samples. 
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Diffracted  peak  positions  were  determined  using  a  standard 
procedure. 10  The  upper  1/4  of  the  333  pLus  511  A1  peak  obtained 
with  CuKa,  radiation  was  5  point  step-scanned  and  a  parabola  fitted 
to  these  points  by  the  least  squares  method.  The  apex  of  the 
parabola  was  taken  as  the  peak  position.  The  standard  deviation 
in  the  determination  of  peak  position  by  this  method  was  routinely 
±  .O15°20  with  20  around  162.5°  using  40  sec  counts.  For  the  ten¬ 
sile  samples,  only  two  directions  of  strain  measurements  were  used: 

■i  =  0,  ill  =  0  and  <p  =  0,  =  45.  These  yielded  e,  and  z  with  the 

lp  3p 

aid  of  eqs.  (1)  and  (3).  For  the  residual  stress  samples  the 
direction  =  90,  ip  =  45  was  added,  yielding  all  three  principal 
strains  in  the  particles. 


RESULTS  AND  DISCUSSION 


Curing  Stresses 


The  results  of  a  typical  tensile  experiment  using  a  unidirec¬ 
tional  sample  that  had  been  exposed  to  ambient  laboratory  condi¬ 
tions  for  several  months  are  shown  in  Fig.  5.  The  X-ray  strains 


Fig.  5.  Linear  change  in  X-ray  strains 
embedded  in  unidirectional  composite, 
also  shown. 


e,  and  e  in  A1  particles 
•  P  3  p  v 

Strain  gage  strain,  eV ,  is 
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in  the  particles  increase  linearly  with  applied  stress  but  do  not 

pass  through  zero  at  zero  applied  stress,  indicating  the  presence 

of  residual  stresses.  The  data  in  this  figure  can  be  used  to 

determine  the  residual  strain  ef  in  the  matrix  of  other  uni- 

lm 

directional  samples  as  follows.  As  a  first  approximation  we  can 
consider  the  development  of  curing  stresses  to  take  place  in  two 
steps.  At  the  curing  temperature  (177°C),  the  system  is  considered 
to  be  stress  free.  We  then  consider  an  element  of  the  matrix  con¬ 
taining  an  A1  particle  to  cool  to  room  temperature  in  the  absence 
of  fibers.  During  this  step  the  matrix  shrinks  around  the  parti¬ 
cle  since  the  thermal  expansion  coefficient  of  the  resin  matrix, 
a,,,  =  45  x  10_*V°c£is  greater  than  that  of  the  particle,  a  =  23.6  x 
10-6/°c.  The  hydrostatic  stress,  P  thereby  exerted  on  the  parti¬ 
cle  at  21°C  is  given  by;H 

P  =  3Kp(A-l)B,  (4) 

assuming  elastic  isotropic  behavior  of  the  particle  and  the  matrix. 
Here,  Kp  *  bulk  modulus  of  the  A1  particle  taken  as  7.66  x  10^  MPa, 
A  *  3^/(3!^  +  4yim)  ,  y_  ■  shear  modulus  of  the  matrix  taken  as 
1.29  x  lO^  MPa,  B  *  (r*  -  r°  is  the  stress  free  radius  of 

the  particle  at  21°C  and  r^  is  the  stress  free  radius  of  the  hole 
in  the  resin  at  21°C  into  which  the  particle  fitted  stress  free 
at  177°C.  For  an  A1  particle  in  epoxy  resin,  eq.  (4)  gives  P  = 

17  MPa  (2.5  ksi) .  This  produces  a  small  mean  normal  strain  e  = 

-75  x  10~6  in  the  particles. 

In  the  second  step  we  consider  an  applied  stress  ofm  equal  to 

the  residual  stress  which  strains  the  matrix  element  in  the  fiber 

direction  by  an  amount  ef  dictated  by  the  stress  free  fiber 

ira 

length  at  218C.  This  approach  is  justified  by  the  fact  that  the 
fibers  are  two  orders  of  magnitude  stiffer  in  the  fiber  direction 
than  the  resin.  If  of  is  the  dominant  average  stress  in  the 

1?Q 

resin  and  we  can  neglect  transverse  stresses,  then  er  can  be  ob- 

lm 

tained  by  extrapolating  the  data  of  Fig.  5  backward  to  the  point 

where  ■  ¥  ■  -75  x  10-^.  This  is  facilitated  by  replotting  the 

data  of  ?ig.  5,  as  shown  in  Fig.  6.  Here  the  applied  composite 

strain  e*  is  equal  to  the  incremental  matrix  strain  since  the 
im 

matrix  must  deform  the  same  amount  as  the  composite  in  the  fiber 
direction.  The  principal  residual  particle  strains  and  stresses 
obtained  on  a  unidirectional  dry  laminate  (held  7  days  in  a  desic¬ 
cator  at  50°C)  were  ef  ■  507  x  10“6 ,  ef  -  -255  x  10-6,  er  « 

IP  2P  3P 

-610  x  10"°  and  of  ■  5  MPa,  or  -  -34  MPa,  or  “  -53  MPa.  The 
IP  2P  3P 

strain  -  507  x  10"°  corresponds  to  a  matrix  residual  strain 


Fig.  6.  X-ray  strain,  e^,  vs  composite  strain,  e*.  (  =  incremen¬ 
tal  matrix  strain,  ae,  )  from  data  of  Fig.  5. 

im 


Ejm  ■  2360  x  10~6  from  Fig.  6.  This  can  be  compared  with  a  cal¬ 
culated  value  of  ef  using  the  two  step  approach  but  without  parti 

cles.  Thus  ef  =  a_AT  -  a«!T  *  7280  x  10“^  and  ar  =  25  MPa  (3.6 
im  m  r  im 

ksi)  where  af  is  the  fiber  expansion  coefficients  in  the  fiber 

direction,  taken  as  -1.8  x  10“6/°C  and  AT  *  156°C.  The  agreement 

is  poor.  Furthermore  if  the  measured  Er  is  converted  to  a  stress 

-  ;m 

using  a  resin  modulus  of  3.45  x  10-*  MPa,  the  result  is  or  =8.1 

lm 

MPa  (1.2  ksi)  which  is  substantially  less  than  the  value  of  26  MPa 
(3.8  ksi)  obtained  by  Adams  and  Miller  from  a  finite  model.*’  It 
may  be  noted  in  passing  that  the  calculated  of  value  from  the 
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development  of  the  full  residual  tensile  stress  in  the  1  direction 
are  therefore  inhibited.  An  indication  of  this  is  shown  by  the 
fact  that  and  er  are  not  equal,  whereas  they  should  be  if  the 

matrix  behavior  was  unaffected  by  the  particles.  Unidirectional 
laminates  containing  no  fillers  are  transversely  isotropic. 


Similar  conclusions  were  reached  with  the  quasi-isotropic 

samples  where  matrix  residual  strains  from  X-ray  measurements  were 

er  =  er  »  2800  x  10“6  compared  with  calculated  values  of  7280  x 
lm  2m 

10-6. 


An  obvious  improvement  in  the  X-ray  method  would  be  to  use 
substantially  fewer  particles  in  the  1,2  planes.  With  present 
equipment  this  would  necessitate  excessively  long  counting  times 
to  be  practical.  The  method  was  therefore  used  qualitatively  for 
detecting  residual  stress  changes  with  environmental  exposure. 

Attempts  to  reduce  the  curing  stresses  by  annealing  a  quasi¬ 
isotropic  dry  laminate  sample  at  progressively  higher  temperatures 
were  not  successful.  After  12  days  in  a  desiccator  at  50°C  one 

specimen  had  or  =  46  MPa,  or  =  47  MPa,  3r  =  -26  MPa;  after 
lp  2p  -<p 

annealing  1  hr  each  at  successively  higher  temperatures  in  the 
ambient  another  quasi-isotropic  specimen  had  corresponding  stresses, 
respectively,  of  42,  40  and  -29  MPa  after  a  final  anneal  at  177°C, 
and  none  of  the  annealing  temperatures  resulted  in  a  marked  reduc¬ 
tion  of  stress  as  judged  by  2!*  g  or  occasional  full  X-ray  stress 
determination.  ’ 


Effects  of  Environmental  Moisture 


It  was  found  that  the  diffracted  peak  positions  from  laminates 
exposed  to  dry  or  moist  air  were  sensitive  to  the  relative  humidity 
and  time  of  exposure.  An  as-cured  quasi-isotropic  sample  (held 
two  weeks  after  curing  in  a  sealed  polyethylene  bag)  having  A1 
particles  0.16  nun  beneath  the  sample  surface  was  initially  placed 
in  a  desiccator  (Drierite)  at  50°C.  It  was  periodically  removed. 
X-rayed  and  replaced  in  the  desiccator.  After  170  hrs  the  sample 
was  placed  in  100%  humid  air  at  50°C  and  subsequently  removed  for 
brief  periods  for  X-raying.  The  changes  in  the  diffracted  peak 
position  at  $  =  90  and  ^  =  0  with  time  are  shown  in  Fig.  7.  There 
is  a  substantial  change  on  going  from  the  fully  dry  to  the  fully 
wet  condition  which  is  accompanied  by  a  weight  gain  of  the  laminate 
due  to  moisture  absorption.  Samples  exposed  to  more  than  one  dry¬ 
ing  and  wetting  cycle  have  shown  that  the  changes  in  diffracted 
peak  positions  are  reversible  and  roughly  superposable,  provided 
the  samples  reach  equilibrium  in  each  condition. 
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nit  -  m 

Fig.  7.  Changes  in  weight  and  diffracted  beam  position  (with 

' l>  =  o)  from  A1  particles  in  (0°,  +60°,  -60°)s  composite 
during  drying  and  wetting  at  50°C. 


In  Fig.  8  are  shown  the  changes  in  the  particle  residual 
stresses  during  the  wetting  cycle  in  Fig.  7.  It  is  evident  that 

the  in-plane  residual  stresses  or  and  cr  which  are  initially 

iP  .P 

tensile,  decrease  to  zero  in  about  150  hrs  as  a  result  of  moisture 

absorption  by  the  resin.  The  remaining  stress  o*  ,  initially 

i  P 

compressive,  rapidly  becomes  slightly  tensile  due  to  swelling  of 
the  resin  in  the  3  direction.  Thereafter  or  decavs  slowly  to  zero, 

possibly  due  to  viscoelastic  relaxation  in  the  3  direction.  Cal¬ 
culations  by  Tsai  and  Hahn^  based  on  single  lamina  hvgrothermal 
properties  predict  that  at  room  temperature  the  relative  humidity 
for  typical  graphite/epoxy  composites  to  be  stress  free  is  around 
55%.  Measurements  to  date  of  samples  held  for  extended  periods 
in  a  humidity  controlled  chamber  (Blue  M)  show  substantial  residual 
stresses  are  still  present  after  490  hrs  at  50°C  and  55%  relative 
humidity.  The  actual  values  appear  to  depend  on  the  moisture 
history  of  the  samples  by  somewhat  more  than  statistical  error. 
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Fig.  3.  Residual  stress  vs  time  during  the  wetting  cycle  of  Fig.  7. 


The  laminate  material  considered  by  Tsai  and  Hahn  had  a  greater 
moisture  absorption  capability  than  found  in  this  study  (1.8% 
equilibrium  weight  gain  at  100%  RH  versus  1.3%)  which  may  account 
for  the  difference. 


The  correlation  between  the  X-ray  measurements  and  the  mois¬ 
ture  weight  gain  indicated  in  Fig.  7  was  examined  by  plotting  the 
residual  particle  strain,  zx  and  the  average  in-plane  particle 


residual  stress,  1/2 
gain,  C/Cj,  where  C* 


3P 

(o^p  +  c»r  )  against  the  fractional  weight 

is  the  final  or  plateau  concentration  and  C 

the  average  moisture  concentration  in  the  laminate.  The  results 

are  shown  in  Fig.  9.  increases  approximately  linear lv  with 

3p 

moisture  gain  initially,  whereas  the  mean  in-plane  residual  stress 
decays  progressively  to  zero. 


One  might  expect  that  the  local  moisture  concentration, 
C(Xp,t)  at  the  depth  x„  below  the  surface,  where  the  particles 
are  found,  would  correlate  better  with  the  X-ray  measurements.  To 
obtain  C(Xp,t)  we  assume  that  moisture  diffusion  in  the  laminates 
is  Fickian  as  has  been  shown  by  Shen  and  Springer. ^  We  obtain 
first  the  transverse  diffusion  coefficient,  Dj  at  50°C  from  the 
weight  gain  data  of  Fig.  7.  This  was  done  by  plotting  the  weight 
gain  data  versus  (time)^/“  as  shown  in  Fig.  10.  From  the  semi¬ 
infinite  plate  solution, ^  the  initial  slope  of  this  plot  Is  given 
by  (4  D<pl'  /(hwl/2)  where  h  is  the  laminate  thickness.  Fig.  10 
gives  D-p  ■  15.3  x  10"®  mm^/s,  in  reasonable  agreement  with  a  value 


ULf  AVERAGE  MOISTURE  CONTENT 


Fig.  9.  Average  in-plane  particle  stress,  l/2(ar  +  or  )  and 

r  iP  2P  _ 

particle  strains,  e  vs  fractional  weight  gain  C/Cj  in 

(0°,  +60°,  -60°)g  composite  during  drying  cycle  of  Fig.  7. 


Fig.  10.  Linear  dependence  of  average  moisture  content  on  square 
root  of  time.  Data  of  Fig.  7. 
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of  11  x  1CT®  wm^/s  obtained  from  the  resin  data  of  Shen  and 
Springer^--  for  a  volume  fraction  fibers  of  0.63  measured  on  our 
laminates  using  quantitative  metallography. 

The  local  moisture  concentration  for  short  times  (<  5  hrs  in 
this  case)  is  then  given  by^2 

C(x,t)/Cf  =  [1  -  erf  x/(4DTt)1/2l  (3) 

1  1 

For  longer  times,  the  expression.  J 


x  i,  4  ",  1  x  .  (2v  +  1)  nx 

C(x,t)/Cf  =1-7  vi0  Sln - h - 


gives  C(x,t)  with  sufficient  accuracy  when  only  the  first  two  or 
three  terms  in  the  summation  are  used.  In  this  expression  v  is  the 
summation  index. 


Q  2 

Using  D-p  =  15.3  x  10~°  mm  /s ,  a  mean  particle  depth  x  =0.16 
mm  and  eqns .  (5)  and  (6),  C(x  ,t)/Cf  values  were  obtained  ind 

plotted  versus  c!;  and  1/2 (of  +  a*  )  as  shown  in  Fig.  11.  The 
3P  ‘P  -P 

correlation  is  similar  and  not  any  better  than  that  using  average 
moisture  concentrations. 


C'V.TWt, 


Fig.  11.  Moisture  concentration  at  depth  of  particles,  C(xp,t), 

relative  to  final  concentration,  Cf,  vs  residual  strains 

e!;  and  residual  stress  function  l/2(af  +  oF  ). 

3p  -P  2p 


CONCLUSIONS 


The  X-ray  diffraction  method  described  provides  a  relatively 
sensitive  indication  of  micro-residual  stresses  in  the  resin  phase 
of  resin  matrix  composites.  The  method  is  sensitive  to  moisture 
absorbed  by  the  resin  from  the  environment  and  could  be  developed 
as  a  non-destructive  method  for  that  purpose.  In-plane  curing 
stresses  detected  by  the  method  show  no  indication  of  being  reduced 
by  annealing. 

In  its  present  form  the  method  does  not  give  the  true  residual 
stresses  in  the  resin.  This  appears  to  be  because  the  number  of 
particles  present  in  the  plane  between  the  first  and  second  plies 
was  large  enough  to  perturb  the  resin  behavior  in  the  vicinity  of 
the  particles.  This  deficiency  can  probably  be  overcome  by  using 
substantially  fewer  diffracting  particles  but  would  necessitate 
a  more  rapid  X-ray  stress  measuring  system  than  the  conventional 
diffractometer  system  used  in  this  study 
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DETECTION  OF  MOISTURE  IN  GRAPHITE/EPOXY 
LAMINATES  BY  X-RAY  DIFFRACTION* 

Paul  Predecki  and  Charles  S.  Barrett 

University  of  Denver  Research  Institute 
Denver,  CO  80208 

ABSTRACT 

The  objective  of  this  study  was  to  determine  if  X-ray  diffraction 
could  be  utilized  to  detect  moisture  non-destructively  in  graphite/epoxy 
laminates.  CuKotj  X-rays  were  diffracted  from  333  +  511  planes  of  A1  parti¬ 
cles  embedded  between  the  first  and  second  plies  of  [0  ±  60]  laminates 
during  layup.  Diffracted  peak  positions  were  quite  sensitive  to  environ¬ 
mental  moisture;  decreasing  0.624°  ±  ,O15°20  on  going  from  a  completely 
dry  to  a  completely  wet  state  at  50°C.  The  changes  were  reversible. 
Correlations  between  in-plane,  residual  particle  strains  and  both  average 
and  local  moisture  content  of  the  laminate  were  obtained.  Annealing  effects 
were  investigated. 


INTRODUCTION 

The  moisture  content  of  resin  matrix  laminates  is  normally  calculated 
from  theory  using  Fickian  diffusion  equations,  if  the  temperature  and 
relative  humidity  history  of  the  laminate  is  known.  Evidence  for  the 
validity  of  this  approach  has  been  obtained  from  moisture  weight  gain/loss 
experiments  [1],  Moisture  content  has  also  been  determined  by  direct 


*Work  supported  by  AF0SR  on  grant  #77-3284 


chemical  methods  but  these  usually  require  removal  of  a  sample  from  the 
laminate.  In  this  paper  we  describe  briefly  an  X-ray  diffraction  method 
for  detecting  moisture  via  the  changes  in  residual  strains  in  crystalline 
filler  particles  which  are  embedded  in  the  matrix  during  layup. 

In  earlier  work  [2]  we  have  shown  that  particles  embedded  between 
the  first  and  second  plies  of  unidirectional  laminates  act  as  useful  indi¬ 
cators  of  residual  and  applied  stress  in  the  laminates.  The  principal 
elastic  strains  in  the  particles  are  measured  by  X-ray  diffraction  and  are 
related  to  laminate  stresses  by  calibration  experiments  using  known  applied 
loads . 

In  this  work,  the  observed  sensitivity  of  the  residual  elastic  strains 
in  such  filler  particles  to  the  moisture  history  of  the  laminate  was 
investigated  further. 

EXPERIMENTAL 

Six  ply,  quasi-isotropic  (0°,  ±  60°)s  laminates  were  laid  up  using 
Fiberite  T300/934  (Fiberite  Corp.,  Winona,  Minn.)  graphite  epoxy  prepreg. 
Aluminum  particles  of  -325  mesh  were  introduced  between  the  first  and  second 
plies  during  layup  by  spreading  a  thin  layer  of  these  particles  on  the 
first  green  ply  and  shaking  off  particles  which  did  not  adhere.  Laminates 
were  cured  at  177°C  (350°F)  using  procedures  recommended  for  this  prepreg.* 
Residual  stress  samples  4.45  x  5.08  x  .089  cm  thick  were  then  cut  from  the 
laminates  and  stored  in  sealed  polyethylene  bags  prior  to  use. 

Samples  were  exposed  to  various  humidities  in  a  controlled  humidity 
chamber  at  50°C  (Blue  M  model  VP,  100RAT-1  Blue  Island,  Ill.).  Zero 

*We  are  grateful  to  R.  Mirschell,  R.  Campbell  and  B.  Burke  of  Martin-Marietta 
Co.,  Denver,  for  fabricating  the  samples  to  our  specifications. 
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humidity  samples  were  placed  in  a  container  with  CaSO^  (Drierite)  at  50°C. 
Samples  were  periodically  removed  and  X-rayed  or  weighed  in  ambient  labora¬ 
tory  conditions  and  replaced  in  the  controlled  humidity  chamber. 

The  residual  strains  in  the  filler  particles  were  measured  using  pro¬ 
cedures  described  elsewhere  [2,3].  Samples  were  held  in  the  standard  sample 
holder  of  a  Siemens  Krystallof lex  4  diffractometer.  The  counter  holder  was 
modified  for  diffraction  angles,  20,  up  to  165°  and  fitted  with  a  mono¬ 
chromator.  Aluminum  powder  identical  to  that  used  in  the  laminates  was 
used  as  a  stress  free  standard  and  was  positioned  in  the  sample  holder  in 
exactly  the  same  plane  as  the  filler  particles  of  the  sample  (which  were 
0.16  mm  below  the  sample  surface).  Diffraction  peak  positions  of  the  333  plus 
511  A1  peak  (around  162.7°29)  were  determined  by  fitting  a  parabola  to  five 
step-scanned  points  on  the  top  1/4  of  the  peak  from  each  sample  [4]  at  room 
temperature.  All  20's  were  corrected  to  22.2°C,  using  a  correction  of 
O.O1O°20  per  degree  F,  obtained  from  the  thermal  expansion  coefficient  of 
aluminum.  Each  peak  determination  required  10  to  15  mins.  Peaks  were  mea¬ 
sured  in  three  directions  relative  to  the  sample  geometry  yielding  the 
residual  particle  strains,  e^,  at  =  0  =  K  =  0  ip  =  45  and  $  =  90  ;■  *  45-. 
The  angles  $  and  <p  are  defined  in  Fig.  1.  From  these  the  principal  residual 

strains,  tr.  ,  (i  =  1-3)  in  the  particles  were  calculated  assuming  the 

ip 

laminate  orthotropic  axes,  1,  2,  3,  were  the  principal  axes.  The  in-plane 
strains  and  e^p  were  almost  identical  as  expected  for  the  quasi-isotropic 
laminate.  The  standard  deviation  in  determining  peak  positions  was  ±  .O15°20 
which  corresponds  to  a  standard  deviation  in  the  measured  strains  of  ±  56  x  10 

RESULTS  AND  DISCUSSION 

The  changes  in  the  diffracted  peak  position,  29^q  q,  measured  at 
?  ■  90,  ip  *  0  with  time  are  shown  in  Fig.  2.  Initially  at  time  ■  0,  the 
peak  position  is  quite  high,  ^  163.17  relative  to  the  unstressed  A1  powder. 
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indicating  a  dry  sample,  as  might  be  expected  for  the  as-cured  laminate 
stored  2  weeks  in  a  sealed  polyethylene  bag.  Further  drying  in  Drierite 
at  50°C  further  increased  the  peak  position  slightly.  After  170  hrs 
in  0%  humidity  this  sample  was  placed  in  100%  humid  air  at  50°C.  There 
was  an  immediate  and  pronounced  decrease  in  peak  position  accompanied  by 
a  weight  gain  of  the  laminate  due  to  moisture  absorption.  The  weight  gain 
reached  a  plateau  at  1.3%  about  230  hrs  after  the  start  of  the  wetting 
cycle,  whereas  the  29gg  q  value  went  through  a  minimum  and  then  equilibrated 
after  'v  500  hrs  at  approximately  the  value  for  the  unstressed  A1  powder. 
Samples  exposed  to  more  than  one  such  0%  RH  drying/100%  RH  wetting  cycle 
have  shown  that  the  changes  in  20gg  g  are  reversible  and  approximately 
superposable,  provided  the  samples  reach  equilibrium  in  each  condition. 


The  29gQ  q  data  for  a  wetting  cycle  such  as  shown  in  Fig.  2,  together 
with  29q  q  and  29gg  g  data  simultaneously  taken,  were  converted  to  particle 
strains  and  the  results  plotted  in  Fig.  3.  It  is  evident  that  the  in-plane 
residual  strains  ej^  and  e^p  which  are  initially  tensile,  decrease  to  zero 
in  100  to  150  hrs  as  a  result  of  moisture  absorption  by  the  resin.  At 


short  times  one  might  expect  e|p  t0  decrease  more  rapidly  than  since 
the  0°  plies  are  outermost  and  the  laminate  should  experience  initially 


a  larger  strain  in  the  2  direction  than  in  the  1  direction  [5].  This  effect 


was  not  detected  in  the  X-ray  measurements. 

The  third  strain,  e^p*  initially  compressive,  becomes  slightly  tensile 
presumably  due  to  swelling  of  the  resin  in  the  3  direction,  before  decaying 


to  zero  at  longer  times.  This  decay  is  thought  to  be  the  result  of  visco¬ 


elastic  relaxation  of  the  resin  in  the  3  direction.  Using  the  nomenclature 
of  Yeow  et  al.  [6],  the  in-plane  particle  strains  would  be  expected  to  be 
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fiber  dominated  and  therefore  time  insensitive — apart  from  the  time 

dependence  of  moisture  uptake.  The  thickness  strain,  z*  ,  is  resin  dominated 

3p 

and  would  be  expected  to  show  relaxation.  This  relaxation  is  also  evident 
in  Fig.  2  where  29^  ^  peak  position  continues  to  decay  toward  the  unstrained 
state  after  the  weight  gain  has  become  constant. 

To  facilitate  use  of  the  method  as  a  probe  for  laminate  moisture  con¬ 
tent,  samples  were  held  at  various  relative  humidities  until  no  further 
change  in  diffracted  peak  position  was  observed — usually  400-500  hrs.  at  50°C. 
The  resulting  plot  of  equilibrium  peak  position  versus  relative  humidity 
(Fig.  4)  is  only  linear  to  a  first  approximation.  The  observed  scatter 
was  attributable  both  to  sample-to-sample  variation  and  to  sample  moisture 
history  variation,  a  scatter  that  is  somewhat  more  than  the  statistical 


error  in  the  measurements.  From  Fig.  4  it  is  clear,  however,  that  the 
relative  humidity  for  producing  a  stress-free  state  in  the  A1  filler  parti¬ 
cles  at  room  temperatures  is  near  1 00%.  This  is  also  the  %  R.H.  for  the 
laminate  to  be  free  of  residual  stresses  since  the  strains  in  the  particles 
have  been  shown  to  be  proportional  to  applied  laminate  stresses  [2;. 

(Here  we  are  neglecting  the  contribution  to  the  particle  strain  due  to 
thermal  and  moisture  expansion  mismatch  between  the  A1  and  the  resin) . 
Calculations  by  Tsai  and  Hahn  [7]  based  on  single  lamina  hygrothermal 
properties  for  a  typical  graphite/epoxy  laminate,  predict  the  R.H.  value 
for  zero  residual  stress  to  be  around  55%.  The  laminate  material  considered 
by  Tsai  and  Hahn  had  a  greater  saturation  moisture  content  than  found  in  this 
study  (1.8%  equilibrium  weight  gain  at  100%  RH  versus  our  1.3%)  which  may 
account  for  the  difference. 


The  effect  of  annealing  the  laminates  below  the  curing  temperature 
(177°C)  was  explored  to  see  if  any  residual  strain  relief  is  obtained. 
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Since  an  increase  in  moisture  content  reduces  the  diffraction  angle  26^  ^ 
and  therefore  the  residual  strains  as  shown  in  Figs.  2  and  3,  attempts 
were  made  to  avoid  any  increase  in  moisture  content  during  annealing. 

Two  specimens  that  had  been  dried  in  a  Drierite  desiccator  at  50°C  (sample 
3A  for  10  days,  sample  3F  for  31  days)  were  annealed  for  periods  of  one 
to  two  hours  at  successively  higher  temperatures;  sample  3A  in  an  air  oven 
and  sample  3F  in  a  P2O5  desiccator.  The  change  in  20^q  q  measured  at 
room  temperature  as  a  result  of  annealing  is  shown  in  Fig.  5.  From  Fig.  5 
one  may  conclude  that  the  samples  started  with  different  moisture  contents 
and  that  the  P2O5  was  more  effective  in  eliminating  moisture  during  anneals 
than  air  annealing  until  temperatures  reached  150°C.  There  was  no  evi¬ 
dence  of  a  decrease  in  diffraction  angle  and  therefore  in  residual  strains 
as  a  result  of  annealing. 

Returning  to  Fig.  2,  the  relation  between  the  X-ray  measurements 

and  the  moisture  weight  gain  was  examined  further  by  plotting  the  average 

r  r 

in-plane  particle  residual  strain;  (c^  +  t9p)/ 2  against  the  fractional 
weight  gain,  c7cf, where  c^  is  the  final  or  plateau  moisture  concentra¬ 
tion  in  the  laminate  and  "c  is  the  average  concentration  at  any  time  during 
the  wetting  cycle.  The  resulting  plot  shown  in  Fig.  6  (curve  A)  is  not 
linear.  One  might  expect  that  the  residual  strains  would  correlate  better 
with  the  local  moisture  concentration,  c(x,t),at  the  particular  depth 
x  =  Xp  ■  0.16  mm  below  the  surface  where  the  particles  are  located. 
c(Xp,t)/c£  was  obtained  assuming  Fickian  diffusion  of  moisture  in  the 
laminate  and  using  a  value  of  15.3  x  10~®  ram-/s  for  the  transverse  diffu¬ 
sion  coefficient  calculated  from  the  weight  gain  data  of  Fig.  2  [3]. 

The  resulting  correlation  shown  as  curve  B  in  Fig.  6  is  similar  to  and  not 
any  better  than  curve  A.  The  non-linearity  may  be  a  consequence  of  the 
higher  resin  content  of  the  layer  in  which  the  particles  lie.  The 


non  linearity  may  also  be  attributed  to  the  changing  gradients  in  moisture 
concentration  and  the  accompanying  stress  gradients.  These  gradients  were 
avoided  in  the  experiments  reported  in  Fig.  4,  where  approximate  linearity 
found  between  %  R.H.  and  changes  in  29. 

CONCLUSIONS 

(1)  The  changes  in  the  diffracted  peak  positions  using  CuKa^  radiation 
and  the  333  +  511  planes  in  A1  particles  in  the  laminates  are  quite 
sensitive  to  environmental  moisture  taken  up  by  the  laminates.  The 
reversible  change  of  0.624° 20  on  going  from  the  completely  dry  to  the 
completely  wet  condition  at  equilibrium,  compared  with  an  average 
measurement  error  of  ±  .O15°20,  is  sufficiently  large  to  be  useful 
for  moisture  measurement.  The  diffracted  intensity  is  sufficient  for 
these  measurements  to  be  made  at  depths  up  to  'v  0.38  mm  beneath  the 
surface  with  conventional  equipment. 

(2)  The  relative  humidity  which  gives  zero  residual  stress  at  room  tempera 
ture  in  the  laminates  investigated  (Fiberite  T300/934)  is  near  100%. 

(3)  The  correlation  between  the  average  in-plane  residual  strain  in  the 
particles  and  the  calculated  moisture  concentration  at  the  depth 
below  the  laminate  surface  where  the  particles  lie  is  non-linear. 

(4)  Annealing  in  either  ambient  or  desiccated  air  at  temperatures  below 
the  curing  temperature  (177°C)  serves  mainly  to  remove  additional 
moisture  from  the  laminates  and  thereby  increases  the  residual  strains 
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Figure  Captions 

.  (A)  Representation  of  diffraction  conditions 

(B)  Direction  of  strain  measurement  relative  to  laminate  axes 

.  Sensitivity  of  diffracted  beam  position  (for  b  =  90,  <ji  =  0)  to 
environmental  moisture  at  50°C.  Relative  humidity  was  zero  during 
"drying"  and  100%  during  "wetting."  The  percent  weight  gain  of 
the  laminate  during  wetting  is  also  shown. 

.  Changes  in  principal  residual  particle  strains  during  the  wetting 
cycle  of  Fig.  2.  Error  bars  in  this  and  subsequent  figures  are 
±  one  average  standard  deviation. 

.  Roughly  linear  relation  between  diffracted  peak  position  (for 
b  *  90,  fp  ■  0)  and  relative  humidity  after  equilibrium  has  been 
reached.  Some  sample  to  sample  variation  is  evident. 

.  Increase  in  diffracted  peak  position  (for  b  =  90,  'b  =  0)  measured 

at  room  temperature,  as  a  result  of  annealing  laminates  at  successively 
higher  temperatures;  sample  3A  always  in  air,  sample  3F  always 
in  a  P2O5  desiccator. 

.  Decrease  in  average  in-plane  residual  strain  in  the  A1  particles 
with  increasing  average  moisture  content  of  the  laminate,  cYc 
(curve  A), and  with  increasing  moisture  concentration  at  the  loca¬ 
tion  of  the  particles,  c(Xp, t) /c^, (curve  B) . 
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